Bismuth ferrite, BiFeO3, is an important multiferroic material that has attracted remarkable attention for potential applications in functional devices. While thin films of BiFeO3 are attractive for applications in nanoelectronics, bulk polycrystalline BiFeO3 has great potential as a lead-free and/or high-temperature actuator material. However, the actuation mechanisms in bulk BiFeO3 are still to be resolved. Here we report the microscopic origin of electricfield-induced strain in bulk BiFeO3 ceramic by means of in situ high-energy x-ray diffraction.
Introduction
Bismuth ferrite, BiFeO3 (BFO), is currently a highly investigated material due to its multiferroic properties (i.e., coexistence of magnetic and ferroelectric order). 1, 2, 3, 4 In addition to its multiferroic ordering, BFO is strongly ferroelectric with high spontaneous polarisation (Ps ~ 100 µC cm -2 ) 5 and high Curie temperature (Tc = 825 °C). 6 The remarkably high Tc of BFO in comparison to other ferroelectrics such as BaTiO3 (Tc ~ 130 °C) 7 and Pb(Zr,Ti)O3
(PZT) (Tc ~ 360 °C) 7 has made it attractive for high-temperature applications where the current market dominating piezoelectrics cannot be used. Moreover, the global restrictions on lead-based materials 8 have further enhanced the potential of BFO ceramic as a lead-free alternative for electro-mechanical applications. While high Tc and Ps are attractive for piezoelectric devices, bulk BFO's applications are currently limited by its high ferroelectric coercive field (~7 kV mm -1 ), 9 high electrical conductivity (DC 10 -2 -10 -10 S m -1 ) 9 and relatively low piezoelectric coefficients (~45 pC N -1 ). 10 Significant effort has been made to improve the properties of BFO by chemical modifications, such as the formation of solid solutions with other ABO3 type perovskite 11, 12, 13 . 19 A great deal of work on BFO has also been carried out on the structure-property relationship in thin film 4, 20, 21 and single crystals. 5, 22, 23, 24 The fieldinduced strain response in epitaxial grown BFO thin films has been reported by Zeches et al. 20 and Zhang et al. 25 In these films, the large electric-field-induced strain (> 5%) was reported to be due to the coexistence and field induced transition between tetragonal-like and rhombohedral-like phases. Crystallographic structures of thin film BFO is often different from single crystal and bulk BFO depending on the lattice mismatch strain between the substrate and the film as well as film thickness.
Although the crystallographic structure of bulk BFO ceramics at room temperature is well characterised, 26, 27 their structure-property relationship under electric field is not well established. Electric-field-induced strain response in bulk BFO ceramic has not been reported extensively. Rojac et al. 28 have reported a large bipolar strain of 0.36% (peak-to-peak value)
in bulk BFO ceramic at electric field amplitudes of 14 kV mm -1 applied at 0.1 Hz. This large strain value is comparable to that in PZT-based piezoelectric ceramics. It has also been observed that the electric-field-induced strain response in bulk BFO largely depends on the frequency of the applied electric field, with lower frequency giving higher strain.
Some reports have suggested that in bulk BFO ceramic non-180° ferroelectric domain switching, leading to a preferential arrangements of long ferroelastic domains in the field direction, is a major contributor for the generated macroscopic electric-field-induced strain;
however, the data did not provide a direct observation of this mechanism. 28 Very few studies have discussed structure of domain walls in bulk BFO. 29, 30 Recently it has been shown by an ex situ x-ray diffraction study of poled bulk BFO ceramics that the poling process appears to only introduce non-180° ferroelectric domain texture changes; 9 in this case, no observation of potential intermediate switching states or the dynamics of domain wall motion has been made. This leaves an open question on the exact microscopic mechanism that is responsible for the measured large macroscopic strain in polycrystalline BFO ceramics 28 and whether it is the same mechanism as reported for thin films.
In this paper, we report the electric-field-induced microscopic strain mechanisms of bulk BFO ceramics. Measurements were made by means of in situ high-energy x-ray diffraction from the bulk of the material. It is shown that the primary strain generation mechanism in bulk BFO ceramics is non-180° ferroelectric domain switching. No phase transformation has been observed, in contrast to measurements from epitaxially constrained thin film BFO under a compressive in-plane stress. 20 However, the strain/applied-field ratio (ε/E) at the maximum fields in the respective measurements is similar for both bulk BFO (~100 pm V -1 ) and thin film BFO (~117 pm V -1 ). 20 Additionally, in bulk BFO, a relaxation process of the switched non-180º ferroelectric domains is observed on the 10's of seconds time-scale, several orders of magnitude faster than that in thin films where relaxation times are of the order of hours. 31, 32 It is suggested that the relaxation may be due to large intergranular residual stresses in BFO with a possible contribution due to the conductive nature of domain walls. Understanding of these strain generation mechanisms and relaxation processes will be critical for the development of future BFO-based actuator materials and is also useful for understanding of relaxation and switching processes in ferroelectrics in general.
Experimental Procedure
BFO ceramics were prepared by reactive sintering of a mechanochemically activated stoichiometric mixture of Bi2O3 and Fe2O3. Details of ceramic sample preparation have been reported previously. 10 For in situ x-ray diffraction experiments, a section of ceramic of dimensions 0.3 × 0.5 × 1 mm 3 was cut from a sintered disk. Silver electrodes were applied to two opposing 0.5 × 1 mm 2 faces of the bar.
In situ high-energy x-ray diffraction measurements were carried out at beamline I12-JEEP of the Diamond Light Source, UK. A monochromatic x-ray beam of energy 84.82 keV (wavelength λ = 0.146 Å) and dimensions 150 × 150 µm 2 was used. Diffraction patterns were collected in transmission geometry using a large area detector. The detector parameters including distance, beam centre, and tilts, were calibrated using a standard ceria powder pattern. For the diffraction patterns to be measured in situ, samples were placed in a specifically designed electric field chamber where the applied electric field is perpendicular to the transmitted x-ray beam direction. 33 Diffraction images were collected during two cycles of applied unipolar electric field (Emax) up to 14 kV mm -1 with 1.4 kV mm -1 steps. The diffraction images were radially integrated into 36 azimuthal sections with 10 intervals using the software package FIT2D. 34 A full pattern structural refinement on the as-processed BFO diffraction patterns was carried out with the Rietveld refinement software package TOPAS 35 to confirm crystal structure. Peak profile parameters for all field-dependent measurements were extracted using single or multiple pseudo-Voigt fitting functions in Igor Pro (version 6).
Results and discussion

3.1.
Structural analysis of as-processed BFO Figure 1 shows the x-ray diffraction pattern of the as-processed BFO ceramic sample, i.e. the zero-field initial state. The results show no sign of secondary phases within the detection limit of the instrument used. Structure analysis found the material to be rhombohedral R3c 
shows hysteretic behaviour that follows the same trend as intensity ratio. The broadening in rhombohedral systems is expected to be larger than that of the and peaks. This is likely due to two effects: 1) the fact that in a rhombohedral symmetry, grains scattering the peak parallel to the field direction can only accommodate strain by lattice deformation and not by non-180º ferroelectric domain switching, and 2) these grains will have four ferroelectric domain variants with approximately equal angle to the applied field, and thus may have a finer ferroelectric domain structures induced under field. 36 These two effects will then contribute to microstrain broadening and crystallite size broadening, respectively.
Close observation of the full diffraction patterns at maximum field ( =14 kV mm -1 ) revealed that the poling of the material does not induce any change in the crystallographic structure of the material, i.e. no new crystallographic phase is observed due to the applied electric field. Thus, no phase-transformation strain is contributing to the generated macroscopic strain in this material within the applied electric field range studied here. The origin of macroscopic strain in bulk BFO is due only to non-180º ferroelectric domain switching and associated lattice deformation. This strain mechanism is different to that previously reported in thin film BFO where epitaxial strain stabilises a tetragonal structure at zero field which is driven to a mixed tetragonal and rhombohedral-like structure at high field. 20 This will be discussed in more details in Seciton 3.3. shows that along the field direction the lattice expands and perpendicular to the field direction it contracts relative to the unpoled state. This behaviour is consistent with that observed in rhombohedral PZT under field. 37 The observed lattice strain in Figure 3a does not indicate only an intrinsic piezoelectric strain, but the combined contribution of intrinsic piezoelectric strain and elastic compliance strain within the polycrystal caused by the large ferroelastic deformation of grains that have a direction aligned proximate with the field vector. 38 Electric-field-induced change in relative peak intensities is related to the change in volume fraction of non-180° domains. Domains that are not aligned with the applied field vector switch by 180° and non-180° domain wall motion to increase the population of domains with their polarization vector closer to the applied field direction. It should be noted that the 180° domain switching does not affect the change in relative intensities in diffraction patterns and that the non-180° domain switching contributes mostly to the observed domain switching strain. In rhombohedral materials such as BFO, switching of 71° and 109° domains contributes to the ferroelastic strain, as has been also shown in rhombohedral PZT. 39 The non-180º ferroelectric domain texture f111 for rhombohedral materials along specific directions relative to the applied electric field vector expressed as the multiple of random distribution (MRD) can be calculated using Equation (1). In this high-field state, the long domain population increases at the expense of short domains along the field direction. Additionally, after reducing the field to zero, f111 reduces from 1.92 at to 1.72 at .
Macroscopic strain calculation from x-ray diffraction data
The total electric-field-induced strain in BFO is the combined contributions of intrinsic lattice strain and extrinsic strain due to non-180° ferroelectric domain switching. At the grain scale, these strains are coupled together, with extrinsic strain from domain wall motion leading to an elastic deformation of surrounding grains in addition to their intrinsic strain response from the piezoelectric effect. From the in situ field-dependent x-ray data collected here, which includes the full orientation dependence of lattice strain and domain switching magnitudes, it is possible to calculate a total strain using a weighted sum of all contributing components.
The total intrinsic lattice strain of all the grains along the field direction can be estimated using a volume weighted average of the hkl reflections according to the Equation 
Where, is the domain texture along the field direction (i.e., angle between applied field vector and scattering vector is 0°), is the multiplicity factor of the hkl reflection and is the lattice strain of hkl reflection.
Extrinsic contributions to the strain due to the domain switching can be calculated by the method proposed by Jones et al. 41 This method considers the lattice strain caused by non-180º ferroelectric domain switching and the distribution of non-180º ferroelectric domains at all orientations to the applied electric-field vector. For a rhombohedral system with non-180° domain switching, extrinsic strain can be calculated by the Equation (3), 37 , 42
Where, and are the lattice spacing, is the change in the multiple of random distribution (i.e. ) of non-180º ferroelectric 111 crystallographic pole, along the sample direction α with respect to the applied electric field. The geometrical factor of term arises from the tensor transformation of the domain-switching strain along the applied field direction and is the transformation of a volume element in orientation space to a corresponding volume element in the sample.
The BFO ceramics studied here did not exhibit any electric-field-induced phase transformation, so the total macroscopic strain can be approximated by summing both intrinsic and extrinsic contributions (Equation 4). Figure 6 represents the calculated strain from the x-ray diffraction data. At the maximum field of 14 kV mm -1 , the calculated intrinsic strain is 0.05%, while the extrinsic strain due to non-180º ferroelectric domain switching is almost twice the intrinsic strain, i.e., 0.09%. The total strain at maximum field (sum of intrinsic and extrinsic strain) 0.14% is comparable to the reported macroscopic strain for the same material under a similar electric field strength. 28 In epitaxially constrained thin film of BFO, subjected to in-plane compressive stresses due to constrained in-plane lattice parameter, the observed strain has been shown to be due to a reversible phase transformation from a tetragonal-like phase to a mixture of tetragonal-like and rhombohedral-like phases under applied electric field. 20 In bulk BFO ceramic we have shown here that the major contributor to the strain response is the non-180º ferroelectric domain switching in the rhombohedral phase without any phase transformation induced up to the applied electric field of 14 kV mm -1 . Although the strain response mechanism is clearly different between thin film and bulk BFO, the magnitude of the ratio of strain to applied field at the maximum field is similar in both cases. Zeches et al. 20 has observed a strain of approximately 2% at a field of 170 kV mm -1 in thin film BFO, giving a Smax/Emax of 117 pm V -1 (apparent high-field piezoelectric coefficient), which is similar to the value measured here for bulk BFO at 14 kV mm -1 (Smax/Emax ≈ 100 pm V -1 ). In other words, comparable levels of normalised strain can be observed in thin film (by phase transformation) and bulk BFO (by domain switching) despite the difference in order of magnitude of the maximum electric field (Emax).
According to the above calculations, extrinsic domain switching strain in bulk polycrystalline BFO is the major (65%) contributor to the total strain at the maximum electric field. This behaviour is different from single phase rhombohedral PZT`s (pure and doped) where lattice strain is the major contributor. 43, 44 In such measurements it is not possible to deconvolute the true intrinsic piezoelectric strain response from the elastic deformation resulting from microstructural constraints. The results, however, show that the possible intrinsic large-signal piezoelectric coefficient for bulk BFO should be less than 35 pm V -1 .
Relaxation of switched domains in bulk BFO
Poling efficiency in bulk BFO has been shown to improve by applying subsequent poling cycles rather than using constant field for a long period. 10 Therefore, a second unipolar cycle of same magnitude (14 kV mm -1 ) was applied to the sample in order to study in more detail the poling process for BFO.
Observation of the diffraction patterns within the 2 nd cycle ( ) reveal that again there is no crystallographic phase change. However, a higher degree of domain switching is occurring in comparison to the first cycle, suggesting progressive poling with subsequently applied field cycles. The strain observed for reflection and MRD values for the 1 st and 2 nd cycle are presented in Figure 7a and b as a function of applied field. Lattice strain for reflection ( Figure 7a ) increases for the second cycle; however, the remanent strain value is similar for both cycles. From Figure 7b , it is clear that after the end of the first cycle and prior to the start of the second cycle, the electric-field-induced domain texture has relaxed from a value of f111 = 1.72 to 1.26 along the field direction (as indicated by the black arrow in Fig.   7b ). An additional data collection between these two data sets allowed this phenomenon to be investigated as a function of time, as shown in Figure 7c and PZT it can be concluded that bulk BFO ceramics exhibit a large relaxation of switched non-180º ferroelectric domains after poling.
Discussion
Although the relaxation of switched non-180º ferroelectric domains in thin film BFO has been observed, 31, 32 this is the first such direct observation in bulk BFO ceramics. Cruz et al. 31 showed that, in an epitaxial BFO (110) thin film, the stability (slower relaxation rate) of switched non-180º ferroelectric domains can be improved by minimizing the substrate induced compressive stresses. Baek et al. 32 has also demonstrated the effect of stress on relaxation of switched non-180º ferroelectric domains in thin films. However, the relaxation in the bulk BFO ceramics observed here is several orders of magnitude faster than that in thin films, which are of the order of hours. 31, 32 Some insight to the relaxation mechanism in bulk BFO may be gained by a comparison with rhombohedral bulk PZT, which does not show an obvious relaxation effect. have also been suggested to affect the domain switching velocities under field. 46 It is expected that the degree of elastic anisotropy of the material plays a significant role in the total intergranular residual stress of the strained polycrystal. 47 The bulk stiffness of polycrystalline BFO and rhombohedral PZT are similar. According to our measurement with dynamic mechanical analyser, the bulk elastic stiffness is on the order of 50 GPa and 55 GPa for polycrystalline ceramic BFO and PZT, respectively. However, no experimental single crystal elastic constant information exists for these materials. First principals calculations by Cohen et al. 48 and Shang et al. 49 suggest that the materials do differ in the degree of elastic anisotropy, hinting this may be a factor in their differing behaviour.
Using these reported values, a calculation of the shear anisotropic factor (A1) 50 for the {100}
shear planes between the <011>pc and <010>pc gives values of 0.11 and 0.72 for PZT and BFO, respectively. A value of 1 would correspond to an elastically isotropic material. In PZT, these values of elastic constants show that the <100>pc direction is elastically softer than the <111>pc direction by a factor of approximately 8 times. 48 Thus, it may be expected that the magnitude of intergranular residual stress contained in the polycrystal, for a given extrinsic strain magnitude caused by non-180° domain switching, will be different in PZT and BFO,
given BFO does not possess the same magnitude of elastic anisotropy. The stress magnitude is proportional to the total elastic energy within grains that cannot significantly strain via non-180° ferroelectric domain switching and hence elastically strain to accommodate. This is primarily found in grains that have non-polar directions, <100>pc in the case of rhombohedral materials, aligned with the electric field. These grains cannot accommodate strain via non-180° ferroelectric domain switching and hence elastically deform to accommodate the strain of their grain neighbourhoods. The total intergranular residual stress in the polycrystal is therefore a product of the magnitude of elastic strain and the elastic stiffness mostly along the non-polar <100>pc directions. Here, we observe the elastic strain along the <100>pc non-polar directions in BFO ( Figure 6 ) are significantly smaller than in rhombohedral PZT 43, 51 , a result consistent with the notion that these crystallographic directions are elastically stiff relative to
PZT. This effects in greater intergranular stress states in BFO and may act to drive the material back to its unpoled geometry.
In addition to the specific environment (e.g. stress distribution and/or mechanical constraint due to surrounding grains, i.e., elastic effects), the nature of the domain walls themselves might play a role in relaxation. As has been observed in thin film BFO, 52 bulk BFO ceramics also exhibit conductive domain walls. 30 As any motion of non-180° ferroelectric domain walls involves change of both mechanical and electrical boundary conditions, the charge equilibrium may be accomplished faster if the domain walls are themselves conductive. Thus, domain wall conductivity might also contribute to the relaxation behaviour, i.e., the conductive domain walls in BFO might act to release domain walls from metastable positions accelerating their relaxation under the intergranular residual stress. In support of this conjecture, an increased low-frequency creep associated with the motion of conducting domain walls has been observed in both converse 30 and direct piezoelectric properties of BFO ceramics. 53 It is worth mentioning that, in contrast to BFO, in bulk PZT (both undoped and doped) no conductive domain walls have been identified by atomic-force microscopy anaylses. 30 The intergranular stress states suggested above may also have implications for the general mechanical stability of these materials. One might predict that microcracking between grains in BFO ceramic samples can be initiated easily during the poling and subsequent electromechanical actuation process due to the large difference in strain magnitude of grains which have a polar <111>pc direction aligned with the external field, and those which don't. In fact, cracking has been observed in bulk BFO ceramics previously. 10 Initiation of cracking would be expected to relieve the intergranular residual stress and be observed as a reduction in the elastic strain of the <001>pc oriented grains in the current experiment, as has been shown to occur in fatigued PZT materials. 54 However, during the two cycles measured here, both non-180° ferroelectric domain texture and lattice strain increase in a correlated manner, thus no micro-cracking appears to occur in the initial two cycles of examined samples. This is consistent with the absence of significant cracking in BFO poled with unipolar triangular field cycles. 
Summary
The electric-field-induced strain response in bulk BFO ceramics has been investigated by means of in situ high-energy x-ray diffraction. It has been found that, in spite of the strain/applied field ratio similarities in bulk and thin film BFO, the origin of strain response in film and bulk of BFO is different. The strain response observed in the bulk BFO ceramic is primarily due to the extrinsic non-180º ferroelectric domain switching. A large relaxation of switched non-180º ferroelectric domains in bulk BFO ceramics has also been observed with a time constant of the order of 40 seconds. This relaxation phenomenon has been proposed to be due to the stiffer nature of shear elastic constant (smaller degree of elastic anisotropy), which generates a large intergranular residual stress in response to the domain switching.
This may act in conjunction with the conductive nature of the domain walls to allow them to move more easily from their metastable poled state back towards their unpoled state. ) and after removing the electric field ( ). 
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